The permittivities of three solutions of sperm-whale myoglobin ofdifferent concentrations were measured in the frequency range 300-1300MHz at 20°C by using a coaxial-line technique. These results were combined with those measured previously at frequencies below 10MHz. Two methods are described for calculating the extent of macromolecular hydration from the data. The more reliable method yields results ofapprox. 0.25 g ofH2O/g of protein, which is in satisfactory agreement with the theoretically calculated value. Agreement with the value found from the rotational motion of the molecule is not so close, which is probably caused by the different meanings that may be ascribed to the term hydration.
Aqueous solutions of proteins have been subjected to dielectric analysis for many years; most of this work has been in the radio-frequency region up to about 10 MHz, since it is here that the , dispersion of the system occurs and may be readily measured by using alternating-current bridge techniques. For the smaller proteins the original contention of Oncley (1943) that the ,B dispersion arises from the Brownian rotation of the molecular dipole moment has been verified (South & Grant, 1972; Hendrickx et al., 1968) .
Some measurements have been also made at very much higher frequencies (around 1 GHz) and it is these that are particularly valuable in the investigation of macromolecular hydration. There are two ways in which the presence of such water of hydration may be reflected in the high-frequency permittivity of the solution. Both use the fact that dielectric measurements are able to distinguish between processes having different fluctuation times, since the faster processes show dispersion at higher frequencies; at frequencies around 1 GHz pure water is readily able to follow the oscillating field but rotation of the macromolecule or of its hydration is not possible. In the first method the permittivity of the solution is found to be less than that calculated by assuming that the volume occupied by the protein behaves as a vacuum, i.e. has the minimum possible permittivity.
This indicates that there is less free water in the solution than the total quantity of water known to be present; the difference is attributed to water of hydration which, at this frequency, exhibits a low relative permittivity (possibly approx. 5) instead of the value appropriate to free water (approx. 80 at 20°C).
A second manifestation of hydration is found when these high-frequency results are compared with the radio-frequency measurements mentioned above. Vol. 139 A small dispersion is found which extends from about 10 MHz to 1 GHz and which may be attributed to the bound water. The situation is illustrated in Fig. 1 where the protein, free-water and bound-water dispersion are designated I?, y and 3 respectively.
Studies su'ch as these have been carried out on a variety of proteins by Buchanan et al. (1952) , on human serum albumin by Grant (1957) , on haemoglobin by Schwan (1957 Schwan ( , 1965 and by Pennock & Schwan (1969) , on egg albumin by Grant (1962 Grant ( , 1965 and on bovine serum albumin by .
One obvious exception from this list of studies is that of myoglobin, which is a simple protein of molecular weight 17000 whose structure has been thoroughly investigated by X-ray crystallography (Kendrew et al., 1961) (South & Grant, 1972) . It is the purpose of the present paper to investigate whale myoglobin solutions at frequencies higher than those pertaining to the ,B dispersion to obtain estimates of the extent of hydration.
a coaxial-line cell by using a standing-wave method which has been described previously (Sheppard, 1972; Sheppard & Grant, 1972) . The results are shown in Table I and in Fig. 2 .
Measurements and Analysis of Results
Three solutions of sperm-whale myoglobin (produced by Seravac Ltd., Holyport, Maidenhead, Berks., U.K.) were measured at frequencies between 300 and 1300 MHz. These samples were prepared and electrodialysed in the same way as previously described (South & Grant, 1972) . The concentrations were measured by a spectrophotometer, and found to be 77, 99 and 161 mg/ml. The value of the extinction coefficient (E280 = 18.7) was provided by the supplier of the myoglobin.
All dielectric measurements were made at 20°C in (South, 1970 As pointed out above, it is useful to compare the high-frequency results with those measured at radio frequencies. To achieve this the data of South (1970) have been used. Unfortunately the temperatures and concentrations chosen by South (1970) do not coincide with those of the present study; however, the radio-frequency data had been measured over a wide range of temperature and concentration, and by constructing graphs of permittivity against these variables at each frequency we have interpolated the values appropriate to 20°C and to the three concentrations 77, 99 and 161 mg/ml. These complete sets of data are shown in Fig. 2 .
The parameters required to calculate the degree of hydration by the two methods described above are the permittivities of the high-and low-frequency limits of the dispersion as shown in Fig. 1 . It is evident from Fig. 2 that the high-frequency limit ej is not exactly defined by the measurements, since the dispersion merges slightly with the lowfrequency end of the dispersion caused by the free water; this is particularly so for the highest concentration measured. In establishing the value of aca it has therefore been necessary to estimate the contribution of pure water; this has been done by using the well-known fact that the low-frequency part of the water dispersion may be represented to a very good approximation by a Debye dispersion curve. The general form of such a curve is eS 8-o (1) where E, and &O, are the respective permittivities at the low-and high-frequency ends of the dispersion region. The parameter x may be written x = GOT = f/fR, where T and fR are the relaxation time and relaxation frequency ofwater respectively; f is the frequency and co = 2rf. The highest frequency used in the present work was 1.26 GHz and the value of fR is around 17 GHz, so at our three highest frequencies f2 is much greater than fR2 and eqn. (1) for each concentration at the three highest frequency Vol. 139 points and were then extrapolated to give the intercept. At the lowest concentration the measurement of £ was repeated at the highest frequency and the value of e used for the extrapolation was that quoted in Table 1 , which is the mean of the values shown in Fig. 2 . This procedure gave the values shown by the lower set of dashed lines in Fig. 2 and in the final column of Table 2 .
The low-frequency limit of the 3 dispersion, e4,, is found by extrapolating the low-frequency dispersion data to its high-frequency limit, co, and this is equated to e,. The a6 dispersion is known to be well represented as a single Debye process and this extrapolation can therefore be made by using a procedure that fits the data to the Debye expression referred to by eqn. (1). In this case it is more convenient to write es-6o0 = L\ and x = COrT, where co is the angular frequency of the applied field, Ap is the magnitude of the a0 dispersion and T is its relaxation time. This analysis leads to the results shown in Table 2 .
Interpretation
To interpret the data summarized in Table 2 it is necessary to assume a model which is, at the same time, both reasonably realistic and tractable. The model for haemoglobin used by Pennock & Schwan (1969) will also be used here. It consists of a sphere of protein of permittivity ep, surrounded by a spherical shell of water of hydration with permittivity ch. This composite particle is suspended in solvent water having a permittivity e,. Some justification of this model is necessary, since it is clearly a simplification of the real system. The model assumes a spherical shape for the protein; this is not too far from reality, since theX-ray-crystallography analysis indicatesmolecular diameters of 2.3 nm x 3.5 nm x 4nm (Kendrew et al., 1958) and the a0 dispersion is very close to a single relaxation time. The hydration shell is considered to be uniform, whereas in reality both the quality and quantity of hydration depend on the nature of the neighbouring macromolecular surface: the myoglobin surface is, however, reasonably uniform; it contains about 50 charged groups and these are distributed in a regular way; there are no areas containing a predominantly large or small number of such groups. The water of hydration is represented by a bulk permittivity eh, which it will be assumed varies from 100 at the lower-frequency end of its dispersion (South & Grant, 1972; Grant et al., 1971; Schwan, 1965) to 5 at the high-frequency end, the frequency range of this dispersion being between 100 and 500MHz; the hydration shell is not thick enough for these values to be considered as 'the permittivity of water of hydration' but are to be thought of merely as effective parameters. The model assumes that the permittivity of the protein E. H. GRANT, B. G. R. MITTON, 0. P. SOUTH AND R. J. SHEPPARD itself is independent of frequency up to at least 1 GHz; this is justified since this permittivity, whose value will be taken as 5, arises from perturbations in electronic and nuclear wave functions and which show resonance behaviour at very much higher frequencies than 1 GHz (the highest frequency encountered in the present work). The permanent dipole moment of the protein is not included because the rotational correlation time of the protein is very much longer than the reciprocal of the frequencies at which e,, and ew, are measured. This dipole moment therefore plays no part in the electrostatic interactions at these frequencies apart from inducing further dipoles within the protein and hydration shell which also rotate with the long correlation time and are therefore not discernible above 10 MHz.
The effective permittivity of the protein plus water of hydration, a,, may be calculated from standard electrostatic theory, i.e. by solving Laplace's equation subject to the relevant boundary conditions, which yields the result: (2) where w' is the ratio of the volume of water of hydration to the volume of the protein; it is therefore related to the more usual weight-fraction measure of the water of hydration, w', by w/ PC,w
Ph where pp and ph are the densities of protein and hydration shell respectively; Ph is assumed to be 1 g/cm3 and pp may be taken as the reciprocal of the partial specific volume of the protein, which for myoglobin is 1.35 g/cm3. An alternative method of evaluating pp might be to divide the molecular mass by the volume deduced from the molecular dimensions stated above, assuming an ellipsoidal shape for the molecule. Although this simplifying assumption is clearly open to criticism it is interesting to see the effect of p. on the calculated value of the degree of hydration w. With this method pp, 1.52 g/cm3 which, although being 12% different from the value of p,, obtained from the partial specific volume, changes the value of w in the third decimal place only ifw is calculated from eqns. (7)-(10). If, however, w is calculated from the value of &8o (eqn. 6) rather than from the magnitude of the a dispersion the effect of the choice of the value of p,, is considerable. This is made clear in Table 3 where it is seen that a negative value for the degree of hydration can be obtained which is physically inadmissible.
The value of the permittivity of the solution, a, must be expressed in terms of 8p, a, and the number of hydrated solute particles per unit volume of the solution. In general this poses a very difficult problem in view of the interactions between neighbouring protein molecules. Fortunately the solutions measured are sufficiently dilute that the effect of these interactions is very small. If they were ignored completely the mixture formula of Sillars (1937) would be obtained. However, the solutions are sufficiently concentrated for subsidiary calculations to show that this effect should be taken into account to a first approximation. To do this the solute particle is assumed to be surrounded by a shell of solvent with a volume equal to the volume of solvent per solute particle in the whole solution; this shell of solvent is then surrounded by a medium whose permittivity is equal to that of the solution. By standard electrostatics again this results in E-ew P-BeW c+2ew Cp p+28w (4) where p is the volume fraction of solute in the system. This is the formula first derived by Maxwell (1892) . Thus if C is the concentration in g* cm3, the volume fraction of the protein is C/p, and thus (I+w)C PP
The evaluation of w' (or w) therefore comes down to the solution of eqns. (2) The subscripts s and X refer respectively to low-and high-frequency limiting values.
An expression for A, ( = es,, -&,) may be found from eqns. (9) and (10) and then eqns. (7) and (8) used to eliminate E,s and emp. In general this leads to some cumbersome algebra and the solution of these simultaneous equations has therefore been done by computer. The resulting values of w are shown in Table 3 .
Discussion
It may be seen in Table 3 that there is some discrepancy between the degrees of hydration calculated by the two methods. The values found from A, are in good agreement with the theoretical result of 0.29 g of H20/g of protein calculated by Fisher (1965) on the basis that each surface polar group is surrounded by a monomolecular layer of hydration and that each such group is 0.4 nm thick. They are also consistent with the value of 0.22g of H20/g of protein found by Rosen (1963) by dielectric measurements of dampened myoglobin powders. On the other hand the very low values of w found from e6oo seem to be unrealistic. This is not entirely surprising since this method of calculation suffers from two weaknesses. First, it is extremely sensitive to the value assumed for the protein density; for instance changing p, by 10% can result in a change in w of a factor of 2 or 3. Secondly, thewater ofhydration is responsible for only a very small part ofthe quantity (ew -ew,) which is used in the calculation; any small inadequacy of the mixture formula therefore results in large errors in w. We conclude that this method of assessing w is considerably less reliable than the former one, which has the advantages of being very insensitive to p, and of making use of a quantity (A4 that is almost directly proportional to w.
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The degrees of hydration obtained here from A, are lower, by a factor of about one-half, than the estimates found from analysis of the fl dispersion (South & Grant, 1972) even allowing for the most extreme shape that seems possible for the myoglobin molecule. This emphasizes the simple nature of the model and the disagreement could be caused by the methods measuring different types of hydration. The 08 dispersion assesses the water that rotates with the molecule (i.e. mechanically different from free water), whereas the two methods presented here measure water that has a different electrical behaviour from free water; these two quantities of water could not, in general, be expected to be equal. Another possible reason for this difference is that the calculation of w from the relaxation time of the f/ dispersion, T', requires the use of the formula 4ira3i = kT (11) where tj is the viscosity of the medium in which the macromolecule rotates, kT is the thermal energy and a is the radius of the hydrated molecule. In the calculation , is assumed to be equal to the bulk viscosity of the solvent water (-re is extrapolated to zero concentrations); however, the form of the boundary between the water and the macromolecule may mean that the appropriate viscosity is different from the bulk value. The irregular nature of the protein surface may, for instance, introduce greater friction than appropriate for the 'ball-bearing' model on which eqn. (11) is based; this would create a larger relaxation time than expected and would therefore decrease the calculated amount of bound water.
Both methods of calculating w presented here seem to indicate a slightly lower degree of hydration at high concentration. This could be caused by the mixture formula taking insufficient account of protein-protein interactions, but it is also possible that the proximity of protein molecules does affect their interaction with the solvent, and clearly, since there is only a finite amount of water in the system, the degree ofhydration of each protein molecule must surely fall at some stage as the concentration is increased. This question must await further investigation.
It has been assumed throughout that the 5 dispersion is caused by the relaxation of a hydration shell. There are, in principle, other possible causes of this dispersion, notably proton fluctuation and the rotation of surface polar groups (Pennock & Schwan, 1969; South & Grant, 1972) . The evidence presented here is not intended as proof that the hydration mechanism is the correct one but merely as a further indication that this assumption does produce a consistent interpretation of the results.
